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Knowledge of estrogen receptor (ER) and progester-
one receptor (PR) status has been critical in the evo-
lution of modern targeted therapy of breast cancer
and remains essential for making informed therapeu-
tic decisions. Recently, growth factor receptor HER2/
neu (ERBB2) status has made it possible to provide
another form of targeted therapy linked to the over-
expression of this protein. Presently , pathologists
determine the receptor status in formalin-fixed,
paraffin-embedded sections using subjective, semi-
quantitative immunohistochemistry (IHC) assays and
quantitative fluorescence in situ hybridization for
HER2. We developed a single-tube multiplex TaqMan
(mERPRHER2) assay to quantitate mRNA levels of
ER, PR, HER2, and two housekeeping genes for breast
cancer formalin-fixed, paraffin-embedded sections.
Using data from the discovery sample sets, we evalu-
ated IHC-status-dependent cutoff-point and IHC-sta-
tus-independent clustering methods for the classifica-
tion of receptor status and then validated these results
with independent sample sets. Compared with IHC-
status, the accuracies of the mERPRHER2 assay with
the cutoff-point classification method were 0.98 (95%
CI: 0.971.00), 0.92 (95% CI: 0.880.95), and 0.97
(95% CI: 0.950.99) for ER, PR, and HER2, respec-
tively, for the validation sets. Furthermore, the areas
under the receiver operating-characteristic curves
were 0.997 (95% CI: 0.9941.000), 0.967 (95% CI:
0.9490.985), and 0.968 (95% CI: 0.9151.000) for
ER, PR, and HER2, respectively. This multiplex assay
provides a sensitive and reliable method to quantitate
hormonal and growth factor receptors. (J Mol Diagn
2009, 11:117–130; DOI: 10.2353/jmoldx.2009.080070)
There has been considerable progress in the targeted
therapy of breast cancer in the past few decades. Such
progress has depended to a substantial degree on de-
termining the levels of the estrogen receptor (ER), en-
coded by the ESR1 gene, and progesterone receptor
(PR), encoded by the PGR gene, in breast cancer
cells.1–8 More recently, it has been possible to use over-
expression of human epidermal growth receptor type 2
gene (ERBB2 also known as HER2/neu) to guide yet
another form of targeted therapy according to the spe-
cific features of individual patients with breast can-
cer.9–11 Indeed, tumor overexpression of HER2 has
been used to select women for therapy with trastu-
zumab, a recombinant monoclonal antibody against this
protein. Moreover, high HER2 expression may be asso-
ciated with high risk of recurrence in women receiving an
aromatase inhibitor or tamoxifen as adjuvant therapy.8
It is worth briefly examining tamoxifen and how this
agent has shaped modern breast cancer therapy for
early and advanced disease. Tamoxifen is one of the
oldest and arguably best studied targeted therapies in
medical oncology. ER is essentially the only known ther-
apeutic target for tamoxifen. Thus, in the crucial setting of
adjuvant therapy for early breast cancer, tamoxifen has
been shown to provide clear benefit both in terms of
recurrence-free survival and overall survival.2 More re-
cent trials have also shown very important benefits re-
garding the use of aromatase inhibitors in adjuvant
therapy for postmenopausal women with endocrine-
responsive early breast cancer, particularly with respect
to better disease-free survival compared with tamoxifen
(but not as yet for overall survival).4,5,12 Thus, ER and PR
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status in malignant tissue from women with operable,
invasive breast cancer provides critically important clas-
sification of outcome and clinical benefit for adjuvant
endocrine or chemoendocrine therapies.
The status of ER-regulated PR has been reported to
improve outcome prediction over ER status alone.13,14 In
Caucasians, approximately 60% to 65% of breast cancer
cases are ER-positive and PR-positive (ER/PR), 15 to
20% are ER/PR-negative (PR), 15% to 20% are ER/
PR, and 5% are ER /PR.15 The response rate to
tamoxifen treatment has been reported to be markedly de-
creased in patients with ER/PR breast tumors.16–18
Starting in the mid 1970s, the levels of ER or PR in fresh
or frozen breast tissue specimens was determined by
quantitative, but technically challenging, radioactive, bio-
chemical ligand-binding assays using dextran-coated
charcoal.19 Almost two decades later, the development
of monoclonal antibodies and the semiquantitative immu-
nohistochemical (IHC) method allowed the measurement
of ER and PR expression in frozen tissue or formalin-
fixed, paraffin-embedded (FFPE) tissue sections.20 Grad-
ually the IHC method became the method of choice as
receptor expression could be related to morphology,21
and it was demonstrated that the prediction of endocrine
therapy response was equivalent to the ligand-binding
assay method.22 The status of hormonal receptors de-
tected by the IHC method can be affected by many
factors, such as fixation, antigen retrieval, antibody type,
and subjective evaluation criteria. A variety of tools have
been developed to improve the performance of IHC test-
ing for ER and PR, including methods for both manual
and image-based scoring of staining results. One exam-
ple is a semiquantitative IHC interpretation system, the
Allred score, developed to grade immunostained slides
based on the percentage and intensity of positively
stained tumor cells.23 However, this approach remains
subjective, semiquantitative, and can be labor intensive.
Many groups reported poor interlaboratory reproducibil-
ity and reliability for testing of hormonal receptors6,24,25
and growth factor receptor HER2 (ERBB2).26,27 Several
reports and editorials have discussed the importance
of accuracy and reproducibility of receptor testing
methods for managing treatment of breast cancer pa-
tients.28–31 The American Society of Clinical Oncology
(ASCO) 2007 Guideline Update Committee acknowl-
edged that there are “deficits in standardization for ER
and PR assays (in particular, IHC), and further efforts at
defining reproducibility and accuracy for particular re-
agents are an important priority.”32 In addition, new
guideline recommendations for growth factor receptor
HER2 (ERBB2) testing were recently published by ASCO
and the College of American Pathologists.33
Since the late 1990s, many groups have developed
molecular assays such as gel-based, semiquantitative
reverse transcription (RT)-PCR assays,34–38 while others
have developed quantitative assays using real-time RT-
PCR and nucleic acid sequence-based amplification
technologies39–42 to measure the mRNA level of ER or
PR in frozen breast biopsy tissue samples, and com-
pared their results to those of the ligand-binding assay or
IHC method. However, only two groups have developed
TaqMan RT-PCR assays to quantitate ER, PR, or HER2
mRNA level individually in archived FFPE speci-
mens.43,44 All groups have reported good concordance
between mRNA level and protein level for ER or PR.
Moreover, several groups developed quantitative PCR
assays for HER2 DNA amplification and RT-PCR for over-
expression of HER2 mRNA in frozen or FFPE breast tumor
specimens.45,46,48–52
In the present study, we report the development and
the performance of a single-tube, one-step, multiplex
TaqMan RT-PCR assay (mERPRHER2) to detect ER,
PR, and HER2 mRNA levels in breast cancer FFPE spec-
imens using two Real-Time PCR instrument platforms. In
addition, we also report the concordance between hor-
monal receptor and growth factor receptor status deter-
mined by the IHC assay and the results of the
mERPRHER2 assay classified with two different meth-
ods using two independent sample sets.
Materials and Methods
Study Subjects
Three sets of FFPE breast tumor sections were used to
develop the RT-PCR assay for ER, PR, and HER2. Two
contemporary sets (sample set 1 and sample set 2) were
provided by Laboratory Corporation of America (LabCorp),
and a third set of archived FFPE breast tumor samples
(sample set 3) was provided by Guy’s and St. Thomas’
Tissue and Data bank (London, United Kingdom). The co-
hort of 291 subjects was diagnosed between 1975 and
2001 with tumor size3 cm, lymph node negative and ER
primary breast tumors, and the use of this cohort was ap-
proved by Guy’s Research Ethics Committee (04/Q0704/
137). The use of these three sample sets for the develop-
ment of classification methods of hormonal and growth
factor receptors, and the number of samples with IHCAllred
scores for each sample set are listed in Table 1.
IHC Assays
Hormonal Receptors
For the IHC assay performed at LabCorp, the FFPE
tissue specimens were mounted on SuperFrost Plus
slides (Fisher Scientific, Hampton, NH) and dried for 30
minutes in a 60°C slide drier. An H&E-stained section was
prepared for each specimen and evaluated for the pres-
ence of tumor cells. The FFPE slides were processed on
Table 1. Description of Sample Sets
Sample Set Subject No. Discovery Validation
Set 1* 67 ER, PR
Set 2 55 HER2 ER, PR†
Set 3 291 ER, PR, HER2‡
*HER2 IHC status was not available. †ER and PR IHC Allred scores
were available for 42 of 55 samples. ‡ER, PR, and HER2 IHC Allred
scores were available for 291, 279, and 272 of 291 samples,
respectively. A total of 400, 388, and 327 samples with ER, PR, and
HER2 IHC status, respectively, were used for data analyses.
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the BenchMark XT Autostainer (Ventana Medical Sys-
tems, Tucson, AZ). The primary monoclonal antibodies
used to detect ER and PR were anti-estrogen receptor
clone 6F11 and anti-progesterone clone 16 (Ventana
Medical Systems), respectively. The sequence of primary
staining events on the automated stainer included: incu-
bations with primary antibodies; application of a biotin-
ylated secondary antibody; binding of avidin-biotin-
horseradish peroxidase complex; and detection with
diaminobenzidine chromagen. After staining, the slides
were counterstained and evaluated by a pathologist for
hormone receptor status, which involved evaluation of at
least 200 tumor cells to determine the percentage of
stained cells, as well as the intensity of staining.
Guy’s and St. Thomas’ Tissue and Data Bank speci-
mens were collected between 1975 and 2001, therefore
the hormonal receptor status was re-evaluated with con-
temporary IHC assays. Each FFPE block was cut in the
following sequence: one section for H&E staining, six
unstained sections on charged slides for IHC, a second
section for H&E staining followed by five 10-m sections
on charged glass slides. All section cutting was per-
formed in RNase-free conditions. On the second H&E-
stained slide, areas with tumor were marked on the cov-
erslip, and this guide slide was sent with the 10-m
sections to facilitate macrodissection of tumor areas for
RNA extraction. To standardize ER or PR status assess-
ment, all cases were re-evaluated. The anti-ER antibody
SP-1 and anti-progesterone receptor PgR636 were used
in a conventional IHC protocol for ER and PR status,
respectively. Briefly, sections were pre-treated by pres-
sure cooking in citrate buffer pH6 before incubating with
SP-1 or PgR636. Sites of antigen-antibody binding were
detected using the Dako REAL Envision system. This set
of specimens was also used for the discovery of a prog-
nostic signature for distant metastasis; therefore ER, PR,
and HER2 status were re-evaluated independently by two
pathologists.53 Any discrepant scores were then as-
sessed jointly and a final score agreed on.
Allred total scores (TS) based on the percentage and
staining intensity of tumor cells were recorded for all three
sets of specimens.23 The distributions of Allred percent-
age of tumor cells, intensity scores, and total scores for
both ER and PR in the three sample sets are listed in
supplemental Tables S1, S2, and S3, at http://jmd.
amjpathol.org.
Growth Factor Receptor HER2
HercepTest reagents (Dako, Carpinteria, CA) with
Dako Autostainer and with Biogenex i6000 autostainer
(San Ramon, CA) were used for sample set 2 and sample
set 3, respectively. Sample set 2 was scored according
to the criteria with cell membrane staining indicated as
3 (strong, complete membrane staining in 10% of
tumor cells), 2 (weak to moderate, complete membrane
staining in 10% of the tumor cells), 1 (faint membrane
staining that involves only a portion of the membrane, in
10% of tumor cells), or 0 (no staining observed, or faint
staining in 10% of the tumor cells). For sample set 3,
HER2 IHC was scored according to the new ASCO-CAP
guidelines.33
RNA Extraction from FFPE Sections
All FFPE section slides used for this study were 4- or
10-m thick with 60% to 80% breast tumor cells. The
FFPE section slides were deparaffinized by soaking them
in xylene for 10 minutes with occasional agitation and
repeated with fresh xylene. The slides were then washed
consecutively with 100% ethanol, 90% ethanol, and 70%
ethanol with 2 minutes for each wash. The slides were
then air dried at room temperature for 5 minutes. Fifteen
microliters of Proteinase K digestion solution 2 mg/ml
Proteinase K (Ambion, Austin, TX), 0.1 mol/L NaCl, 10
mmol/L Tris pH 8.0, 1 mmol/L EDTA, and 0.5% SDS], was
applied to the dried tissue on the slide. The tissue was
then scraped with a sterile surgical blade and transferred
into a 1.5-ml tube containing 185 l Proteinase K diges-
tion solution, and incubated overnight at 55°C for 18 to 24
hours. After incubation, the samples were spun at 14,000
rpm for 5 minutes, and the supernatant was transferred to
a new tube. A mixture of 600 l of 100% ethanol and 400 l
of extraction buffer (5 mol/L guanidium thiocyanate,
31.25 mmol/L Na Citrate, pH 7.0, 0.625% Sarcosyl, and
0.125 mol/L -mercaptoethanol) was added to the super-
natant of each sample, loaded into Zymo-Spin II Columns
(Zymo Research, Orange, CA), spun at 12,000 rpm for
one minute, and repeated until the entire sample had
been spun through the column. The column was washed
once with 200 l of wash buffer (80% ethanol in 10
mmol/L Tris-HCl and 0.1 mmol/L EDTA, pH 8.0), followed
by 13.5 Kunitz units DNase (QIAGEN, Valencia, CA)
treatment at room temperature for 30 minutes. The col-
umns were washed with 200 l wash buffer twice and
then dried by centrifugation for 2 minutes at 12,000 rpm.
The total RNA was then eluted twice with 50 l of Tris-
EDTA buffer that had been heated to 65°C.
The amount of PCR-amplifiable RNA was quantitated
by one-step RT-PCR using primers for the housekeeping
(HSK) gene, NUP214, and compared with a serially
diluted control, Universal Human Reference RNA
(Stratagene, La Jolla, CA). The recovery of amplifiable
RNA depends on the age of the FFPE specimen and RNA
extraction methods. The recovery of amplifiable RNA
from one 4-m breast cancer FFPE section ranges from
0.5 ng to 25 ng.
A New Approach for Determining Normalization
Factor
The top two most stable HSK genes, PPIG and NUP214,
were previously determined by the profiling of 138 breast
cancer FFPE samples,53 and they were used to validate
the novel approach of determining the normalization fac-
tor for RNA amount in each RT-PCR reaction. Fifty-eight
human total RNA samples (see supplemental Table S4 at
http://jmd.amjpathol.org) from various tissue types were
used to demonstrate the feasibility of using two TaqMan
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probes labeled with identical fluorescent reporter dye (see
supplemental Table S5 at http://jmd.amjpathol.org) to deter-
mine the normalization factor of total RNA input amount in
each sample. The concentration of each RNA sample was
determined using RiboGreen quantitation assay (Invitrogen,
Carlsbad, CA), and 20 ng of total RNA was used for each
reaction. The expression levels of two HSK genes, NUP214
or PPIG, were quantitated in independent simplex reactions
using either NUP214 probe or PPIG probe labeled with the
same fluorescent reporter dye using the 7900 Real-Time
PCR System (7900 system; Applied Biosystems, Foster
City, CA). The average of NUP214 and PPIG expression
levels was then compared with the composite NUP214 and
PPIG expression level quantitated using both NUP214 and
PPIG TaqMan probes in a single reaction.
Single-Tube, One-Step, Multiplex TaqMan
Assays
mERPRHER2 RT-PCR Assay on the 7500 System
Table 2 lists gene IDs, gene symbols, the oligonucle-
otide sequences of PCR primers, the accession numbers
of RefSeq and GenBank in National Center for Biotech-
nology Information of known splice variants amplified by
the designed PCR primers for ESR1, PGR, ERBB2
(HER2), and the two HSK genes, NUP214 and PPIG, and
the oligonucleotide sequences and fluorescent reporters
of all TaqMan probes for the 7500 Real-Time PCR System
(7500 system; Applied Biosystems, Foster City, CA).
Quantitative detection of mRNA levels of ESR1, PGR,
ERBB2 (HER2), and two HSK genes in a single tube was
accomplished through one-step, five-plex TaqMan RT-PCR
assay. Each reaction contained 50 mmol/L of Tricine, 115
mmol/L KOAc (pH 8.0), 4.5 mmol/L Mn(OAc)2, 7.4% glyc-
erol, 400 mol/L dATP, 400 mol/L dGTP, 400 mol/L
dCTP, 800 mol/L dUTP, 1% dimethyl sulfoxide, 50 nmol/L
NPR (provided by Applied Biosystems) in 5% Tween-20,
0.12mol/L enhancer (Abbott, Abbott Park, IL), 0.08 unit/L
uracil N-glycosylase, 0.4 unit/L Z05 DNA polymerase (Ab-
bott), 500 nmol/L of each primer (Applied Biosystems), 250
nmol/L of each TaqMan probe (Applied Biosystems), and
approximately 0.2 to 1 ng of amplifiable RNA extracted from
the FFPE specimen. TRE and PHO labeled TaqMan probes
were provided by Applied Biosystems, (United States Pat-
ents 6080852, 5847162, 6025505, and 6017712). The ther-
mocycling parameters were as follows: 50°C for 2 minutes;
95°C for 1 minute; 60°C for 30 minutes; 95°C for 15 seconds
and 58°C for 35 seconds for 42 cycles for the 7500 system.
In addition to each RNA sample from the FFPE specimen,
25 ng of the Universal Human Reference RNA was included
as the control in each amplification plate, and all sam-
ples were run in duplicate reactions.
mERPR RT-PCR Assay on the 7900 System
A single-tube multiplex TaqMan assay for ER, PR, and
two HSKs (mERPR assay) was developed for the 7900
system. The mERPRHER2 assay for the 7900 system
was not developed due to the unavailability of a compat-
ible florescent dye for HER2 for the optical system on the
7900 system. The supplemental Table S5 at http://jmd.
amjpathol.org lists the oligonucleotide sequences, orien-
tations, fluorescent reporters, and quenchers of all TaqMan
probes for the 7900 system.
Quantitative detection of mRNA levels of ER, PR, and
two HSK genes in a single tube was also accomplished
through one-step multiplex TaqMan RT-PCR with a 384-
well plate using the 7900 system. Each 15-l reaction
contained 50 mmol/L of Tricine, 115 mmol/L KOAc (pH
8.0), 4.5 mmol/L Mn(OAc)2, 9.6% glycerol, 400 mol/L
dATP, 400 mol/L dGTP, 400 mol/L dCTP, 800 mol/L
dUTP, 1% dimethyl sulfoxide, 0.3 mol/L 6-ROX (Invitro-
gen, Carlsbad, CA) in 5% Tween-20, 0.12 mol/L en-
hancer (Abbott), 0.08 unit/L uracil N-glycosylase, 0.4
unit/L Z05 DNA polymerase (Abbott), 500 nmol/L of
each primer, 200 nmol/L TET-labeled (or NED-labeled)
TaqMan probes for each HSK gene, 250 nmol/L FAM-
labeled TaqMan probe for ER, 250 nmol/L VIC-labeled
TaqMan probe for PR, and approximately 0.5 to 1 ng of
amplifiable RNA extracted from FFPE specimen. The
thermocycling parameters for the 7900 system are as
follows: 50°C for 2 minutes; 95°C for 1 minute; 60°C for 30
minutes; 95°C for 15 seconds and 58°C for 30 seconds
for 42 cycles. In addition to each RNA sample from FFPE
specimens, 25 ng of the Universal Human Reference RNA
(Stratagene) was included as the control in each amplifica-
tion plate. All samples on the plate were run in duplicate.
The results from the 7900 system are described in Supple-
mental Tables S6 to S10 and Figures S1A, S1B, S2A, and
S2B at http://jmd.amjpathol.org.




symbol Forward primer sequence Reverse primer sequence Reporter Probe sequence
2099 ESR1* 5-TCTGCAGGGAGAGGAGTTT-3 5-GGTCCTTCTCTTCCAGAGACTT-3 FAM 5-TGTGCCTCAAATCTA-3
5241 PGR* 5-TCGAGTCATTACCTCAGAAGAT-3 5-CCCACAGGTAAGGACACCATA-3 TRE§ 5-TGACAGCCTGATGCTTCAT-3
2064 ERBB2† 5-CAGCCCTGGTCACCTACAA-3 5-GGGACAGGCAGTCACACA-3 PHO§ 5-TGAGTCCATGCCCAATCC-3
8021 NUP214‡ 5-CATTTGCTTTATAAAAGACCACTG-3 5-CCACTCCAAGTCTAGAACATCA-3 VIC 5-TCAGGAAATTCGGCGCCTT-3
9360 PPIG‡ 5-GCCAACAGAGGGAAGGATA-3 5-GAGGAGTTGGTTTCGTTGTTA-3 VIC 5-ATGGTTCACAGTTCTTC-3
*ESR1 and PGR have at least four alternative splice variants. NM_000125, AF258449, AF258450, and AF258451 are the accession numbers of the
variants for ESR1. NM_000926, AB085683, AB085844, and AB085845, are the accession numbers of the variants for PGR. †NM_004448 and
NM_001005862 are the annotated accession numbers of the variants for ERBB2. ‡NM_005085 and NM_004792 are the accession numbers of the
variants for NUP214 and PPIG, respectively. For each of these genes, RT-PCR primers were designed to amplify a region shared by all listed splice
variants. The amplicon sizes are 104-bp, 80-bp, 95-bp, 123-bp, and 61-bp, for ESR1, PGR, ERBB2, NUP214, and PPIG, respectively. §TRE and PHO
labeled probes were provided by Applied Biosystems. All five TaqMan probes have minor-groove binder and non-fluorescent quencher at 3 termini.
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FFPE Section-to-Section Reproducibility
To determine FFPE section-to-section reproducibility, five
sequential sections from each of 10 breast cancer tumor
FFPE samples (BioChain Institute, Hayward, CA) were ob-
tained. Before RNA was isolated, the slide was checked to
ensure that all sections from each sample were identical in
size and shape. Total RNA was extracted from these 50
sections and the recovery was determined using NanoDrop
(Thermo Scientific, Wilmington, DE). The amplifiable RNA
was determined by a TaqMan RT-PCR assay for the HSK
gene, NUP214. ER, PR, and HER2 mRNA levels in each
section were determined using the mERPRHER2 assay.
Data Analysis
The ER, PR, and HER2 mRNA expression levels in each
FFPE clinical sample were calculated using the 		CT
method.54 First, the average CT (cycle threshold) of du-
plicate reactions of each gene of interest was calculated
for each sample and the control sample, Universal Hu-
man Reference RNA. Then the ER, PR, and HER2 mRNA
expression levels were normalized with the HSK gene
expression level for each FFPE and the control sample.
Finally the HSK-normalized ER, PR, and HER2 expression
levels in each FFPE sample were further compared with
the HSK-normalized ER, PR, and HER2 expression levels
in the control sample, respectively. Therefore, the relative
expression level of each gene of interest in each FFPE
sample, is presented as 		CT 
 (1)  	CT sample (CT
of gene of interest  CT of HSK genes)  	CT control (CT
of gene of interest  CT of HSK genes)]. A minus one
factor is included to graphically illustrate higher expression
above lower expression. When CT value was not reported,
then a CT of 42 was used for the calculation of 		CT.
Statistical Analysis
For ER and PR classification, the results of the
mERPRHER2 assay from sample set 1 and combined
sample sets 2 and 3 were used as the discovery and
validation sets, respectively. For HER2 classification, the
results of the mERPRHER2 assay from sample sets 2
and 3 were used as the discovery and validation sets,
respectively.
Area under the receiver operating characteristic curve
(AUC) measures the ability of the assay to discriminate
between positive and negative status of ER, PR, or normal-
and over-expression status of HER2 across the entire range
of 		CT values. AUC was computed based on the receiver
operating characteristic function available from the Mayo
Clinic (http://mayoresearch. mayo.edu/mayo/research/biostat/
splusfunctions.cfm) and confidence intervals (CI) for the AUC
were calculated using the variance estimate described by
Delong et al.55
We used two different methods to classify the status of
ER, PR, and HER2. An IHC-status-dependent 		CT cut-
off-point method was used to determine the hormonal
and growth factor receptor status. Using IHC status as
the gold standard, an Allred score 3 defines positive
hormonal status (ER or PR),23 and an intensity score
of HER2 3 defines HER2 overexpression.33 The 		CT
cutoff point for classification of each marker was empiri-
cally selected based on the diagnostic metrics of sensi-
tivity, specificity, positive predictive value, negative pre-
dictive value, and accuracy from the comparisons with
IHC status using various 		CT cutoff points. A 		CT cutoff
point for classification of each marker was selected using
the data from their respective discovery sets. The selected
		CT cutoff points were then applied to classify ER, PR and
HER2 status of samples in their respective validation sets.
An IHC-status-independent classification method was
established by developing Gaussian mixture models as
implemented in MCLUST software for the R programming
language (http://www.R-project.org)56 based solely on
ER 		CT, PR 		CT, and HER2 		CT measurements of
subjects in their respective discovery sets.57–61 The
Bayesian Information Criterion was used to determine the
best fitting model. For ER and HER2 measures, the best
model was a mixture of two Gaussian distributions with
equal variance. For PR, since the best model by Bayesian
Information Criterion was a single Gaussian distribution,
which would not be helpful for classification purposes, a
mixture model of two Gaussian distributions with equal
variance was used. The mixture models estimated from
the discovery data were then used to classify an inde-
pendent set of validation subjects to the cluster for which
they had the highest probability of membership based on
their 		CT measurements.
The diagnostic metrics of sensitivity, specificity, posi-
tive predictive value, negative predictive value, and ac-
curacy were calculated for both discovery and validation
sets. The agreement coefficient, Cohen’s kappa,62 was
used to evaluate the agreement between the IHC status
and the status determined using the results from the
mERPRHER2 assay for the 		CT cutoff-point and clus-
tering methods. In addition, the square of Pearson’s cor-
relation coefficient was used to assess the degree of
correlation between two instrument platforms.
Results
A New Approach for Determination of
Normalization Factor
To obtain more accurate normalization of RNA input
amount and to accommodate three genes of interest,
ESR1, PGR, and ERBB2, in a multiplex TaqMan assay
with four different fluorescent reporters, we designed a
novel approach of determining the expression levels of
two HSK genes using two TaqMan probes labeled with
the same fluorescent reporter.
Two HSK genes, NUP214 and PPIG, expressed at
relatively constant levels in breast tumor FFPE specimens
were selected to validate our approach. mRNA levels of
NUP214 and PPIG were averaged from independent re-
actions with NUP214 or PPIG probes, and compared with
the NUP214 and PPIG composite mRNA level in a single
co-amplification reaction. The comparison of 58 total RNA
samples from various tissues using two amplification for-
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mats is shown in Figure 1. The two different formats of
determining HSK gene expression levels correlated well
with a correlation coefficient, r2, of 0.9742 (P  0.0001).
FFPE Section-to-Section Reproducibility
Total RNA and amplifiable RNA from each of five sequen-
tial sections of 10 breast cancer tumor FFPE samples
were determined by absorbance at 260 nm and the Taq-
Man RT-PCR assay for the housekeeping gene NUP214.
The recoveries of amplifiable RNA from each of 5 sec-
tions of 10 FFPE samples are shown in Figure 2. The
average percentage of the amplifiable RNA relative to the
total RNA measured by absorbance at 260 nmol/L of
each sample is shown above each bar. The average
amplifiable RNA from 10 FFPE samples varied from 70 ng
(S4) to 1300 ng (S1). Figure 3 illustrates the distributions
of ER, PR, and HER2 		CT values from 5 sections of 10
FFPE samples, respectively. The relatively larger variations
of the PR 		CT values in samples S2, S4, and S8 were due
to later CT resulting from lower PR expression levels. There
was no correlation between the variation of amplifiable RNA
recovery and ER, PR, or HER2 		CT values.
Classification of Hormonal Receptor Status
Three breast cancer tumor FFPE sample sets with avail-
able ER and PR IHC Allred total scores listed in Table 1
were used to determine the classifications of ER and PR
status. Sample set 1 with 67 samples, and combined
sample sets 2 and 3 with 333 samples were used as the
discovery and validation sets, respectively. Both ER
mRNA and PR mRNA were detected in all clinical spec-
imens using the mERPRHER2 assay.
Estrogen Receptor
The ER 		CTvalues of 67 RNA samples of the discovery
set using the mERPRHER2 assay were calculated, and
the distribution of ER 		CT values in the discovery set was
bimodal, as reported previously.44 The AUC of ER 		CT
values from the discovery set was 0.989 (95% CI: 0.972–
1.000). The performance measurements of sensitivity,
specificity, positive predictive value, negative predictive
value, and accuracy for the ER classification based on the
IHC ER status were compared using various 		CT cutoff
points (Figure 4A). A 		CT cutoff point of 1.5 with 94%
accuracy was empirically selected to divide 67 ER 		CT
values into two groups in Figure 4B. The distribution of 67
IHC ER Allred total scores and the classifications of ER
status by both the IHC-status-dependent 		CT cutoff-point
and the IHC-status-independent clustering methods are
listed in Table 3. Two Allred TS0 samples and two Allred
TS3 samples were classified as ER and ER, respec-
tively, by the 		CT cutoff-point method. All Allred TS0 sam-
ples were classified as ER correctly, and two Allred TS3
samples were classified as ER by the clustering method.
When compared with IHC ER status, the kappa coefficient
of the clustering method, 0.924 (95% CI: 0.821–1.000) was
higher than that of the 		CT cutoff-point method, 0.842
(95% CI: 0.6930.992) (Table 4).
Both the 		CT cutoff point of 1.5 and the model param-
eters for the clustering method derived from the discovery
set were applied to classify the ER status of samples in the
validation set. The validation set consisted of two indepen-
dent subsets, sample set 2 and sample set 3 listed in Table
1. Forty-two samples with ER IHC Allred scores in sample
set 2 and 291 samples with ER IHC Allred scores in sample
set 3 were used to validate ER classification. The 291 ar-
chived specimens in sample set 3 were originally identified
as ER between 1975 and 2001. The ER and PR status was
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Figure 1. Correlation of housekeeping gene normalization determined using
two different amplification formats. The correlation coefficient, r2, between
the expression levels of housekeeping genes using two different formats was
0.9742.
Figure 2. RNA recovery of sequential FFPE sections. The distributions of
recovered amplified RNA of 5 sequential sections from 10 FFPE breast tumor
specimens. The average percentage of amplifiable RNA relative to the total
RNA measured by absorbance of each sample is shown above each bar.
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assays, and 8 of 291 samples (3%) were re-classified as
IHC ER. The AUC of ER 		CT values from the validation
set was 0.997 (95% CI: 0.994–1.000). The distribution of
IHC Allred total scores of the entire 333 samples and the
classifications of ER status by both the IHC-status-depen-
dent 		CT cutoff-point and the IHC-status-independent
clustering methods of the validation set are listed in Table 3.
One Allred TS0 sample and four Allred TS3 samples were
classified as ER and ER, respectively, by the 		CT
cutoff-point method. All IHC ER samples were cor-
rectly classified as ER by the clustering method.
However, an additional six Allred TS4 to TS6, and one
Allred TS8 samples were classified as ER by the
clustering method. When compared with IHC ER sta-
tus, the kappa coefficient of the clustering method
was 0.759 (95% CI: 0.6230.895), lower than 0.870
(95% CI: 0.7580.982) of the 		CT cutoff-point
method (Table 4).
 






























































Figure 3. Reproducibility of the status of hormonal and growth factor receptors in sequential FFPE sections. A, B, and C: The 		CT distributions of ER, PR, and
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Figure 4. ER classification. A: Performance
measurements of classifications based on ER
IHC status using various 		CT cutoff points of
the discovery sample set. B: Classification of the
discovery sample set using the 		CT cutoff
point of 1.5. C: Distribution of ER 		CT values
with IHC status of the discovery and validation
sample sets. PPV: positive predictive value;
NPV: negative predictive value.
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Progesterone Receptor
The performance measurements of the PR classifica-
tion of 67 		CT values based on the IHC PR status were
compared using various 		CT cutoff points (Figure 5A).
The AUC of PR 		CT values from the discovery set was
0.987 (95% CI: 0.969–1.000). A 		CTcutoff point of 0.5
with 94% accuracy was empirically selected to divide 67
PR 		CT values into two groups in Figure 5B. The distri-
bution of 67 IHC PR Allred total scores and the classifi-
cations of PR status by both the IHC-status-dependent
		CT cutoff-point and the IHC-status-independent clus-
tering methods are listed in Table 5. One Allred TS0
sample was classified as PR by both the 		CT cutoff-
point and clustering methods. One Allred TS3 and two
Allred TS5 samples were classified as PR by the 		CT
cutoff-point method, and three additional samples (one
Allred TS4, one Allred TS5, and one Allred TS6) were also
classified as PR by the clustering method. When com-
pared with IHC PR status, the kappa coefficients of the
		CT cutoff-point and clustering methods were 0.861
(95% CI: 0.7300.993) and 0.767 (95% CI: 0.607
0.928), respectively (Table 6).
Both the 		CT cutoff point of 0.5 and the model pa-
rameters for the clustering method derived from the dis-
covery set were applied to classify PR status of samples
in the validation set. The validation set also consisted of
two independent subsets, sample set 2 and sample set 3
listed in Table 1. Forty-two samples with PR IHC Allred
scores and 279 samples with PR IHC Allred scores from
sample set 2 and set 3, respectively, were used to vali-
date PR classification. The AUC of PR 		CT values from
the validation set was 0.967 (95% CI: 0.9490.985). The
distribution of IHC Allred total scores and the classifica-
tions of PR status of 321 validation samples by both the
		CT cutoff-point and the IHC-status-independent clus-
tering methods are listed in Table 5. Twelve (11 Allred
TS0 and one Allred TS2) and eight samples (seven Allred
TS0 and one Allred TS2) were classified as PR by the
		CT cutoff-point method and the clustering method,
respectively. Fourteen Allred TS3 and TS4 samples were
classified as PR by the 		CT cutoff-point method, and
additional six samples (four Allred TS3, one Allred TS5
and one Allred TS6) were classified as PR by the clus-
tering method. When compared with IHC PR status, the
kappa coefficients of the 		CT cutoff-point and cluster-
ing methods were similar but lower than those of the
discovery set, 0.664 (95% CI: 0.5440.784) and 0.669
(95% CI: 0.5560.782), respectively (Table 6).
Classification of Overexpression of Growth
Factor Receptor HER2
The HER2 		CT values of 55 samples of the HER2 dis-
covery set (sample set 2 in Table 1) using the
mERPRHER2 assay were determined. The AUC of
HER2 		CT values from the discovery set was 0.968
(95% CI: 0.924–1.000). The HER2 		CT values were
compared with HER2 IHC scores with HER2 IHC 3
(HER2-over) defined as samples expressing above the
normal level of HER2 (HER2-norm). The performance
measurements of HER2 classification based on the HER2
IHC status were compared using various HER2 		CT
Table 3. Classification of ER Status of the Discovery and Validation Sets Using the 		CT Cutoff-Point and Clustering Methods
Allred TS*
Discovery (n 
 67) Validation (n 
 333)
IHC (% of total)
		CT cutoff-
point Clustering
IHC (% of total)
		CT cutoff-
point Clustering
ER ER ER ER ER ER ER ER
0 17 2 15 0 17 17 1 16 0 17
2 0 0 0 0 0 2 0 2 0 2
ER† 17 (25%) 2 15 0 17 19 (6%) 1 18 0 19
3 2 0 2 0 2 4 0 4 0 4
4 0 0 0 0 0 2 2 0 1 1
5 3 3 0 3 0 6 6 0 4 2
6 2 2 0 2 0 31 31 0 28 3
7 12 12 0 12 0 110 110 0 110 0
8 31 31 0 31 0 161 161 0 160 1
ER‡ 50 (75%) 48 2 48 2 314 (94%) 310 4 303 11
*Allred total score. †Total number of specimens with Allred TS0 and TS2 in each set. ‡Total number of specimens with Allred TS3 to TS8 in
each set.
Table 4. Summary of the Performance of ER Classification
Discovery (n 
 67) Validation (n 
 333)
		CT cutoff-point Clustering 		CT cutoff-point Clustering
Sensitivity 0.96 (0.861.00) 0.96 (0.861.00) 0.99 (0.971.00) 0.96 (0.940.98)
Specificity 0.88 (0.640.99) 1.00 (0.801.00) 0.95 (0.741.00) 1.00 (0.821.00)
PPV 0.96 (0.861.00) 1.00 (0.931.00) 1.00 (0.981.00) 1.00 (0.991.00)
NPV 0.88 (0.640.99) 0.89 (0.670.99) 0.82 (0.600.95) 0.63 (0.440.80)
Accuracy 0.94 (0.850.98) 0.97 (0.901.00) 0.98 (0.971.00) 0.97 (0.940.98)
Kappa 0.842 (0.6930.992) 0.924 (0.8211.000) 0.870 (0.7580.982) 0.759 (0.6230.895)
124 Iverson et al
JMD March 2009, Vol. 11, No. 2
cutoff points (Figure 6A). A 		CT cutoff point of 3.5 with
91% accuracy was empirically selected to divide 55
HER2 		CT values into two groups in Figure 6B. The
distribution of HER2 IHC scores and the classification of
HER2 status by both 		CT cutoff-point and clustering
methods of the discovery set are listed in Table 7. Using
a 		CT cutoff point of 3.5 for the classification of HER2
expression status, one HER2 IHC 2 sample were clas-
sified as HER2-over, and four samples with HER2 IHC 3
were classified as HER2-norm. Using the clustering
method, all 38 samples with HER2 IHC 0 to 2 were
classified correctly. Nine of 17 samples with HER2 IHC
3 were classified as HER2-norm. When compared with
IHC HER2 expression status, the kappa coefficients of
the 		CT cutoff-point and clustering methods for classi-
fication of HER2 expression status of the discovery set
were 0.776 (95% CI: 0.5920.961) and 0.551 (95% CI:
0.3120.791), respectively (Table 8).
Both the 		CT cutoff point of 3.5 and the model
parameters for the clustering method derived from the
discovery set were applied to classify HER2 expres-
sion status of 272 samples in the validation set. The
AUC of HER2 		CT values from the validation set was
0.968 (95% CI: 0.915–1.000). The distribution of 272
HER2 IHC scores and the classification of HER2 status
by both 		CT cutoff-point and clustering methods of
the validation set are listed in Table 7. Using the 		CT
















































































Figure 5. PR classification. A: Performance
measurements of classifications based on PR
IHC status using various 		CT cutoff points of
the discovery sample set. B: Classification of the
discovery sample set using the 		CT cutoff
point of 0.5. C: Distribution of PR 		CTvalues
with IHC status of the discovery and validation
sample sets.
Table 5. Classification of PR Status of the Discovery and Validation Sets Using the 		CT Cutoff-Point and Clustering Methods
Allred TS*
Discovery (n 
 67) Validation (n 
 321)
IHC (% of total)
		CT cutoff-
point Clustering
IHC (% of total)
		CT cutoff-
point Clustering
PR PR PR PR PR PR PR PR
0 20 1 19 1 19 35 11 24 7 28
2 0 0 0 0 0 9 1 8 1 8
PR† 20 (30%) 1 19 1 19 44 (14%) 12 32 8 36
3 1 0 1 0 1 36 24 12 20 16
4 3 3 0 2 1 28 26 2 26 2
5 11 9 2 8 3 51 51 0 50 1
6 11 11 0 10 1 47 47 0 46 1
7 7 7 0 7 0 58 59 0 58 0
8 14 14 0 14 0 57 56 0 57 0
PR‡ 47 (70%) 44 3 41 6 277 (86%) 263 14 257 20
*Allred total score. †Total number of specimens with Allred TS0 and TS2 in each set. ‡Total number of specimens with Allred TS3 to TS8 in
each set.
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two HER2 1) were classified as HER2-over, and three
HER2 IHC 3 samples was classified as HER2-norm.
Using the clustering method, all 255 HER2-norm sam-
ples were classified correctly, but 12 of 17 HER2 IHC
3 samples were classified as HER2-norm. When
compared with IHC HER2 expression status, the kappa
coefficients of the 		CT cutoff-point and clustering
methods for classification of HER2 overexpression
of the validation set were 0.786 (95% CI: 0.633
0.940) and 0.439 (95% CI: 0.1820.696), respectively
(Table 8).
Diagnostic Metrics of mERPRHER2 Assay
The performance measurements of the mERPRHER2
assay, sensitivity, specificity, positive predictive value,
negative predictive value, accuracy, and kappa coeffi-
cient, for ER, PR, and HER2 overexpression with the
discovery and validation sets are listed in Tables 4, 6,
and 8, respectively.
All 		CT values from the discovery and validation sets
were sorted, and then plotted using 		CT of 1.5, 0.5, and
3.5 as the cutoff points for ER, PR, and HER2, respec-
tively, and compared with IHC ER, PR, and HER2 status
in Figures 4C, 5C, and 6C, respectively.
Discussion
Several factors, such as the size of the tissue biopsy, the
type of the fixative, the age of the paraffin block, or the
degree of chemical modification, affect the recovery of
amplifiable RNA from FFPE sections. Insufficient amounts
of recovered RNA from FFPE sections for profiling of a
panel of genes for breast cancer studies have been
reported.63,64 Therefore, we set out to develop a multi-
plex TaqMan assay to quantitate mRNA levels of ESR1,
PGR, ERBB2 (HER2), and two HSK genes in a single tube
for breast cancer diagnosis. We evaluated the perfor-






















































































Figure 6. HER2 classification. A: Performance
measurements of classification based on HER2
IHC status using various 		CT cutoff points of
the discovery sample set. B: Classification of the
discovery sample set using the 		CT cutoff
point of 3.5. C: Distribution of HER2 		CTval-
ues with IHC status of the discovery and valida-
tion sample sets.
Table 6. Summary of the Performance of PR Classification
Discovery (n 
 67) Validation (n 
 321)
		CT cutoff-point Clustering 		CT cutoff-point Clustering
Sensitivity 0.94 (0.820.99) 0.87 (0.740.95) 0.95 (0.920.97) 0.93 (0.890.96)
Specificity 0.95 (0.751.00) 0.95 (0.751.00) 0.73 (0.570.85) 0.82 (0.670.92)
PPV 0.98 (0.881.00) 0.98 (0.871.00) 0.96 (0.930.98) 0.97 (0.940.99)
NPV 0.86 (0.650.97) 0.76 (0.550.91) 0.70 (0.540.82) 0.64 (0.500.77)
Accuracy 0.94 (0.850.98) 0.90 (0.800.96) 0.92 (0.880.95) 0.91 (0.880.94)
Kappa 0.861 (0.7300.993) 0.767 (0.6070.928) 0.664 (0.5440.784) 0.669 (0.5560.782)
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breast cancer specimens using two classification meth-
ods on two instrument platforms.
A recent review discussed the current issues in ER and
HER2 testing for breast cancer by IHC.31 In addition, the
intratumoral heterogeneity and the various degree of
HER2 DNA amplification in breast tumor specimens us-
ing IHC and fluorescence in situ hybridization assays
have been reported.65,66 Therefore, it is important to
demonstrate the reproducibility of sequential FFPE sec-
tions using the mERPRHER2 assay. Our results in Fig-
ure 3 demonstrated good reproducibility for samples with
ER, PR, or HER2-over status, and better than that of
the group of ER, PR, or HER2-norm, respectively,
because of the later CT values resulting from the relatively
low abundance of mRNA levels.
The lack of intermediate Allred scores in the ER dis-
covery sample set (only two Allred TS3 and no Allred TS2
or TS4 samples) rendered the 		CT cutoff-point selection
more challenging; therefore the more conservative lower
		CT cutoff point of 1.5 was selected. Approximately two
thirds of breast cancer has ER status, however sample
set 3 of the validation sample set in our study was mostly
ER (97%). Consequently, the percentage of samples
with HER2 overexpression (HER2 IHC 3) in this set was
also lower than the generally observed 25% to 30% with
HER2 overexpression.17 The kappa coefficients of ER
classification using the 		CT cutoff-point method for the
discovery and validation sets were similar, 0.842 and
0.870, respectively (Table 4). In contrast, the kappa co-
efficient of ER classification using the clustering method
dropped from 0.924 to 0.759 for the validation set (Table
4). The discordant results between the IHC ER assay and
the mERPRHER2 assay were 9 (2%) and 13 (3%) of a
total of 400 samples using the 		CT cutoff-point method
(Figure 4C) and the clustering method, respectively.
The ER mRNA expression in breast tumor specimens is
bimodal as represented by the sigmoidal transition between
RT-PCR–and RT-PCR groups (see Figure 4C). Both IHC
ER/PCR ER and IHC ER/PCR ER groups were iden-
tified by IHC methods with different antibodies used by the
two clinical sites. Therefore, it is likely that the performance
of the different antibodies was similar even though the SP1
clone used by Guy’s Hospital has been indicated to have
higher affinity and a more robust performance.31,67 The
group of IHC ER but PCR ER subjects, currently not
being identified, may merit consideration of endocrine ther-
apy, but clinical data do not exist on the benefit of endocrine
therapy in this situation.
The total number of IHC ER samples, 36 of 400 (9%) in
the discovery and validation sets was relatively small, there-
fore the cutoff point of 1.5 requires additional validation with
a larger number of samples even though the kappa coeffi-
cients of the agreement of ER status between the IHC assay
and the mERPRHER2 assay with the 		CT cutoff-point
method was “almost perfect”68 based on the interpretation
of Cohen’s kappa for both discovery and validation sets.
The agreement of ER status between the IHC assay and the
mERPRHER2 assay with the 		CT cutoff-point method
was slightly higher than those reported by Cronin et al43
(kappa
 0.825; n
 62) and Ma et al44 (kappa
 0.83; n

852). Subsequently, two additional groups reported the
agreement of ER status between the IHC assay and the ER
TaqMan assay in the Oncotype DX as kappa 
 0.81 (n 

149)63 and kappa 
 1.0 (n 
 80).64
In contrast to ER mRNA expression, PR mRNA expres-
sion is more continuous as represented by the gradual































0 10 0 10 0 10 200 2 198 0 200
1 20 0 20 0 20 53 2 51 0 53
2 8 1 7 0 8 2 0 2 0 2
HER2-norm* 38 (69%) 1 37 0 38 255 (94%) 4 251 0 255
3 17 13 4 8 9 17 14 3 5 12
HER2-over† 17 (31%) 13 4 8 9 17 (6%) 14 3 5 12
*Total number of specimens with HER2 IHC scores 0, 1, and 2. †The number of specimens with HER2 IHC score 3.
Table 8. Summary of the Performance of HER2 Classification
Discovery (n 
 55) Validation (n 
 272)
		CT cutoff-point Clustering 		CT cutoff-point Clustering
Sensitivity 0.76 (0.500.93) 0.53 (0.280.77) 0.82 (0.570.96) 0.71 (0.440.90)
Specificity 0.97 (0.861.00) 1.00 (0.911.00) 0.98 (0.960.99) 1.00 (0.991.00)
PPV 0.93 (0.661.00) 1.00 (0.631.00) 0.78 (0.520.94) 1.00 (0.481.00)
NPV 0.90 (0.770.97) 0.81 (0.670.91) 0.99 (0.971.00) 0.96 (0.920.98)
Accuracy 0.91 (0.800.97) 0.84 (0.710.92) 0.97 (0.950.99) 0.96 (0.920.98)
Kappa 0.776 (0.5920.961) 0.551 (0.3120.791) 0.786 (0.6330.940) 0.439 (0.1820.696)
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increase of 		CT values from the RT-PCR group to the
RT-PCR group in Figure 5C. The kappa coefficients of PR
status between the IHC assay and the mERPRHER2 as-
say dropped from the discovery to validation set using both
		CT cutoff-point and the clustering methods (Table 6).
When compared with ER discordant results, the percentage
of samples with discordant results between PR IHC assay
and the mERPRHER2 assay were larger, 30 (8%) and 25
(6%) of a total of 388 samples using 		CT cutoff-point
method (Figure 5C) and the clustering method, respec-
tively, which is likely due to the more continuous values for
expression of PR. Therefore, we will continue to evaluate the
performance of both classification methods for PR status.
The agreement of PR status between the IHC assay and the
mERPRHER2 assay with the 		CT cutoff-point method for
the validation set, was similar to those reported by Cronin et
al43 (kappa
 0.674; n
 62) and Ma et al44 (kappa
 0.70;
n 
 852). However, subsequently two groups reported
lower agreement for PR status, kappa of 0.48 (n 
 149)63
and kappa of 0.57 (n
 80), using the PR TaqMan assay in
the Oncotype DX.64
The regulation of PR expression is complex and not
fully understood at present. Two estrogen-regulated pro-
moters and several alternative splice variants have been
reported.16,69,70 The differences in the agreement be-
tween various IHC and RT-PCR assays might be the
result of the PR antibodies interrogating different
epitopes for the IHC assays and/or different mRNA vari-
ants for RT-PCR assays. In addition, the RT-PCR assay
doesn’t discern PR-A from PR-B isoforms, which are
translated from different translation initiation sites. Sev-
eral studies reported interesting findings of cross talk
between the estrogen and growth factor HER2 signaling
pathways, which resulted in decreased PR levels, and
the tumors eventually becoming tamoxifen resistant.71–74
The performances of ER and PR classifications using
IHC-status-dependent 		CT cutoff-point and IHC-status-
independent clustering methods were similar (Tables 4
and 6). However, it is interesting that the performance of
classification of HER2 overexpression between the IHC-
status-dependent 		CT cutoff-point and IHC-status-
independent clustering methods were quite different (Ta-
ble 8). Using the clustering method, 9 of 17 (53%) and 12
of 17 (70%) samples with HER2 IHC 3 samples were
classified as HER2-norm for the discovery and validation
sets, respectively. Based on the clustering results, a
HER2 		CT cutoff point of 5.0 instead of 3.5 could have
been selected to classify HER2 status. However, the
sensitivity of the HER2 classification of the discovery set
would have decreased to 0.47 when compared with the
“gold standard” IHC assay. Using the HER2 IHC assay,
several groups have reported false-positive HER2
overexpression results, especially in the group with
HER IHC 2.65,66,75 The agreement, kappa, of HER2
overexpression status between the IHC assay and the
mERPRHER2 assay with the 		CT cutoff-point method
for both discovery and validation sets (Table 8) were
higher than kappa of 0.60 with the HER2 TaqMan assay
in the Oncotype DX.63 The samples with HER2, IHC 2
and 3 status in our study were under represented in our
HER2 validation set due to the high percentage of ER
samples in the sample set. Therefore, we will continue to
evaluate both 		CT cutoff-point and clustering methods for
classification of HER2 overexpression, and compare the
results with that of IHC and/or fluorescence in situ hybrid-
ization. Although presently the ASCO 2007 Guideline Up-
date does not recommend testing HER2 level to determine
sensitivity to endocrine therapy,32 reporting quantitative ER,
PR, and HER2 expression levels might provide a better
understanding of the cause of the resistance to tamoxifen
and non-responsiveness to trastuzmab treatments.
In conclusion, we developed a sensitive single-tube, one-
step multiplex TaqMan assay to quantitate ER, PR, and
HER2 expression levels with results shown to be consistent
across multiple adjacent sections from the same tumor. The
classification of ER, PR, and HER2-overexpression status
was evaluated with two methods and compared with IHC
results. Based on the interpretation of kappa coefficients,
the agreement was “almost perfect” for ER, and the agree-
ment was “substantial” for both PR and HER2.68 This 2-hour
RT-PCR assay to determine the ER, PR, and HER2 status
can be easily adopted in a clinical laboratory for molecular
testing of the most important predictive and prognostic
markers for breast cancer.
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